The crystallization kinetics of silicate liquids were studied experimentally in the system haplogranite-B-Li-H 2 O, at variable degrees of undercooling and variable water concentration. We investigated the kinetics of nucleation and crystallization of unseeded synthetic hydrous haplogranite with 1 wt % Li 2 O þ 2Á3 wt % B 2 O 3 added (composition C1) and 2 wt % Li 2 O þ 4Á6 wt % B 2 O 3 added (composition C2). Compositions C1 and C2 are simplified representative bulk compositions of Lirich pegmatites and their highly differentiated cores, respectively. Starting water contents varied between 3 and 9 wt %. With few exceptions, the system remained water-undersaturated. About 86 isothermal runs of 1-60 days duration, grouped in 25 time series of constant temperature and initial H 2 O content, were carried out at temperatures from 400 to 700 C at 300 MPa, corresponding to variable degrees of undercooling between the liquidus and glass transition. Viscosity measurements indicate that the glass transition for both compositions is below 400 C for 3 wt % water and below 300 C for 6Á5 wt % water. The melts remained virtually crystal free at 400 C, about 100 C and 120 C above the glass transition for compositions C1 and C2, respectively, in experiments up to 30 days long. This result is consistent with the existence of low-temperature, undercooled melts in the crust. At lower values of undercooling the runs crystallized partially, up to about 70% volume fraction. Undercooling and the amount of water are the main factors controlling nucleation and growth rates, and therefore textures. Minerals nucleate and grow sequentially according to mineralspecific nucleation delays. The mineral assemblage started with Li-Al stuffed quartz (in C1) and virgilite (in C2), solid-solutions between quartz and c-spodumene. The quartz-like phases were typically followed by spherulitic alkali feldspar-quartz intergrowths, euhedral petalite, and fine-grained muscovite. Nearly pure quartz formed as rims and replacement of metastable virgilite and stuffed quartz, in particular at the boron-and water-rich crystallization front of large feldspar or petalite. With the exception of muscovite, all minerals nucleated heterogeneously, on the capsule wall or on pre-existing minerals, and grew inwards, towards the capsule center. Experimental textures resembled the textures of zoned pegmatites, including skeletal, graphic, unidirectional, radiating, spherulitic, massive, and replacement textures. In some cases, when fluid saturation was reached, miarolitic cavities developed containing euhedral crystals. Although unidirectional growth rates appeared to slow down in time, volumetric rates for stable graphic alkali-feldspar quartz intergrowths and petalite remained constant for up to 60 days and $70% crystallization. Metastable stuffed quartz and virgilite diminished in their growth rates in runs of 30 days or longer, were resorbed in the melt, and were partially replaced by second-generation quartz. Unobstructed, self-sustained crystal growth in conditions of very low nucleation density appears to be the dominant mechanism to form giant pegmatitic crystals, although experimental growth rates are much slower than predicted in nature based on conductive-cooling models.
INTRODUCTION
Experiments, theory, and practice have established that the interplay between crystal nucleation, growth rate, and symmetry controls the grain size and morphology in crystalline materials such as snow (Libbrecht, 2007) , sugar candy (Padar et al., 2008) , and magmatic rocks (Hersum & Marsh, 2007) . A particularly rich terminology has been built to describe and classify the great diversity of igneous textures, with the ultimate purpose of linking the texture to the sequence of physical and chemical processes that affected intrusive igneous bodies throughout their geological history (Vernon, 2004; Hersum & Marsh, 2006) . However, it is challenging to study crystallization processes in natural magmas, and the kinetics of nucleation and crystal growth at the onset of crystallization. The early products of crystallization may be hidden or reprocessed by superimposed crystal generations, recrystallization, and deformation. Igneous textures may continue to change in large plutons typically formed by the amalgamation of multiple magma injections (Glazner et al., 2004) because of grain coalescence and overgrowth caused by thermal cycling (Johnson & Glazner, 2010) . Initial crystal morphology, mineral intergrowths, inclusions and crystal chemistry are more likely to be arrested and preserved in relatively small pegmatites or aplite dikes, because of their singlepulse, instantaneous emplacement and typically large temperature contrast with the surrounding countryrock, leading to rapid cooling (Webber et al., 1999; Nabelek et al., 2010) . Furthermore, crystallization experiments can be designed to decipher the processes generating the primary textures and compositional heterogeneities in these intrusions, if appropriate physical and chemical conditions of nucleation and growth can be simulated.
Mineral geothermometers (London, 1984) , fluid and melt inclusion analysis (Sirbescu & Nabelek, 2003a , 2003b Thomas et al., 2012) and conductive heattransfer modeling (Webber et al., 1999; Sirbescu et al., 2008; London et al., 2012) have been used to constrain the physical parameters of crystallization of Li-rich pegmatites. Large crystals and comb, radial, skeletal, graphic, and spherulitic textures are salient features of pegmatites interpreted to be consequences of heterogeneous nucleation and growth in conditions of liquidus undercooling, provided that dissolved water does not leave the system (London, 2008; Simmons & Webber, 2008; Sirbescu et al., 2009; Nabelek et al., 2010) . As a consequence of significant undercooling in such systems, phase equilibria derived through traditional reversal experiments, which typically equate crystallization temperature with beginning of melting, do not readily apply, thus other experimental strategies are needed.
It has long been recognized that melt crystallization takes place at a temperature (T) between the liquidus (T L ) and the glass transition (T g ), and that the driving force of nucleation and growth is the degree of the system's departure from the equilibrium liquidus temperature, as expressed by the Gibbs free energy difference between the crystals and melt (Hammer, 2008, and references therein) . For magmatic systems, undercooling (DT ¼ T L -T) and magmatic H 2 O degassing are common mechanisms that can cause supersaturation in a phase (Hammer, 2008) .
Nucleation is the main step at the onset of phase changes as a consequence of molecular-level fluctuations under conditions of supersaturation. It is quantified by two parameters: the steady-state nucleation rate and the time delay necessary for nucleation to achieve a steady state. Nucleation delays in silicate magmas can range from seconds or minutes in silica-poor melts that are rich in network modifiers (Roskosz et al., 2005) to hundreds of hours in eutectic haplogranitic melts (London, 2008) and several years in pure albite melt (Bowen, 1934) . Homogeneous (spontaneous) nucleation has been the focus of many theoretical and experimental studies, although heterogeneous nucleation is the dominant mode in crystallizing magmas (Cashman, 1990) and the defining mode of crystallization for pegmatites (London, 2008) . If the melt is superheated so that near-critical clusters are destroyed, the degree of undercooling (DT) at which nucleation occurs determines the density of nuclei, and thus the initial texture (Hammer, 2008) .
In addition, crystal growth rate and morphology vary with the rate-determining process (e.g. diffusionlimited, dissipation of heat and impurity-limited, surface attachment, screw dislocation, etc.), which, in turn, are related to crystallographic parameters and external parameters, such as gradients in temperature, composition, and stress (Sunagawa, 2005) . Maxima of nucleation and crystal growth rates are reached at temperatures between T L and T g , but not at the same temperature for all minerals. The first phases to crystallize in an undercooled multi-component system are those with the highest chemical potential in the melt (London, 2014) . Crystal size distributions (CSD) in rocks reflect the relation between nucleation and growth rate (Marsh, 1988) . Conversely, using experiments in which the kinetic parameters are measured, one can calibrate the observed CSDs. This method has been applied to the field of 'experimental volcanology' (Hammer, 2008) , chondrules and komatiites (Zieg & Lofgren, 2006) , and shallow basaltic systems (Cashman, 1993) , but has a more restricted applicability to coarse-grained intrusive rocks because of Ostwald ripening or other subsolidus processes.
A direct approach to quantitatively characterize the formation of an igneous texture is through timedependent (dynamic) crystallization experimental studies (e.g. Lofgren, 1983) . Dynamic crystallization experiments have been designed to evaluate nucleation delays, nucleation and growth rates, as well as the succession of phase assemblages at the onset of crystallization, before equilibrium is reached, in a sequence of time-series runs. In addition, through dynamic crystallization experiments, development of textures can be assessed systematically as a function of controlled undercooling, cooling rate or decompression rate, and compositional variations (Hammer, 2008, and references therein) . Dynamic crystallization experiments of the 1970s to 1980s (Fenn, 1977 (Fenn, , 1986 Swanson & Fenn, 1986 ) and more recent experimental and computational approaches (Baker & Freda, 2001; Hammer, 2004; Roskosz et al., 2005; Maneta & Baker, 2014) significantly advanced the understanding of disequilibrium crystallization of felsic magma. However, major problems remain to be addressed, including the role of water in the development of igneous textures (London, 2008; Simmons & Webber, 2008) . Large nucleation delays of structurally complex tectosilicates in granitic systems have led to challengingly long or unsuccessful crystallization experiments, in particular when significant amounts of H 2 O were added to a fluxed granitic melt (Fenn, 1986; London et al., 1989) , suggesting that large water contents effectively inhibit nucleation. In contrast, experiments on the simpler lithium disilicate system involving low water contents showed that water accelerates nucleation (Davis et al., 1997) . Nabelek et al. (2010) argued that the textural differences between granite, rhyolite and pegmatite are mainly caused by differences in retention of H 2 O by the melt and the degree of undercooling. Essentially, large intrusions cool relatively slowly, crystallize at small undercooling, and water is lost gradually. Both rhyolites and pegmatites are strongly undercooled melts that solidify under conditions of rapid cooling, but rhyolitic melts are dry to begin with or lose water during their ascent, whereas pegmatites retain water (Nabelek et al., 2010) . To date, these important hypotheses have not been investigated systematically in experiments.
In addition, upon emplacement, pegmatites differ from granites by their heterogeneous nucleation, triggered at the contact with the surrounding country-rock of the intrusion and propagating inward (Cameron et al., 1949; London, 2008 London, , 2014 . The general lack of porphyritic texture, their overall concentric mineral zoning and features such as 'line-rock' and comb-texture parallel to existing thermal gradients in their wall zone suggest that pegmatites intrude at their emplacement level as crystal-free liquids, assumed to be near their thermal minimum (London, 2008 (London, , 2014 . Nabelek et al. (2010) explained the initial lack of crystals in pegmatite liquids emplaced in small bodies by rapid, adiabatic ascent from higher lithostatic pressure, in that the liquids become effectively superheated with relatively low viscosity, according to the haplogranitic phase relationships of Holtz et al. (2001) and the viscosity model of Whittington et al. (2009b) . Evidence of superheated hydrous melts as precursors of pegmatites is provided by the stable isotope distribution in aplitic layers of aplitepegmatite sheets (Nabelek et al., 1992) and equilibrium remelting of crystal-rich melt inclusions from the Animikie Red Ace, a thin Li-Cs-Ta (LCT) pegmatite sheet from Wisconsin at about $720 C (Sirbescu et al., 2008) .
The stability relations and thermochemistry of various phases along the SiO 2 -LiAlSiO 4 join at elevated pressure have been investigated by early mineralogical (Munoz, 1969, and references therein; Xu et al., 1999) and ceramics studies (Beall et al., 1967, and references therein) . Experimental studies on the water-Lihaplogranite system established the equilibrium phase diagram for the system SiO 2 -NaAlSi 3 O 8 -LiAlSiO 4 -H 2 O at 200 MPa (Stewart, 1978) . Furthermore, the Lialuminosilicates phase diagram and its applications to lithium-rich pegmatites was introduced by London (1984) . Virgilite, a Li phase pertinent to this study, has been found in nature at only one locality (French et al., 1978) . Li-stuffed quartz (SQ), poorer in Li than virgilite, and virgilite have intermediate compositions (Li x Al x Si 3-x O 6 ) between quartz (SiO 2 ) at x ¼ 0 and spodumene (LiAlSi 2 O 6 ) at x ¼ 1. Although their nomenclature may vary, these phases have been synthesized from Li-rich melts in both industrial and geological studies.
It is known from early experiments that metastability and kinetic factors particularly influence the crystallization of haplogranitic magmas, which are notoriously sluggish to nucleate (Fenn, 1977 (Fenn, , 1986 Swanson, 1977; Couch, 2003) . If an optimum degree of undercooling is reached, once crystallization commences, growth rates can be high, and graphic or pegmatitic textures result (Swanson, 1977) . Fluxing components such as H 2 O, B, F, and Li are enriched in natural pegmatite melts and have been shown to reduce viscosity and increase diffusion rates in compositionally modified haplogranitic melts (Dingwell et al., 1992 (Dingwell et al., , 1998 Bartels et al., 2011 Bartels et al., , 2015 . Addition of 3700 ppm of Li to seeded experiments involving a simple granitic composition led to development of graphic and granophyric textures in conditions of 85-110 C of undercooling (Maneta & Baker, 2014 ). London's vast experimental program (London et al., 1989; London, 2008) has addressed many aspects of pegmatite origins, but several questions remain open about the formation of giant crystals, the role of water in the development of internal zoning, and the existence of undercooled melts at very low temperatures.
The aims of this experimental study are as follows:
(1) to demonstrate the persistence of undercooled, very low temperature melts in up to 60 day long, unseeded experiments and through glass transition measurements; (2) to explore the kinetics of nucleation and crystallization and the formation of textures in the system Li-B-H 2 O-haplogranite; (3) to establish the effects of dissolved water on textural development in pegmatitelike melts.
METHODS

Experimental methods
The experimental program consisted of a total of 92 time-dependent, unseeded time-series experiments designed to characterize the isobaric crystallization behavior of two distinct compositions C1 and C2 in the Cafree system haplogranite þ B þ Li at 300 MPa and variable temperature and water contents.
Starting materials
The synthetic anhydrous starting compositions C1 and C2 are listed in Table 1 and projected into the albitequartz-eucryptite-H 2 O phase diagram at P H2O ¼ 200 MPa ( Fig. 1 ; Stewart, 1978) . C1 and C2 are mixtures between the composition of the haplogranitic minimum at 300 MPa (Johannes & Holtz, 1996) , B 2 O 3 , and LiAlSi 2 O 6 (spodumene), with an atomic B:Li ratio of unity. The aluminum saturation index (ASI Li ) defined as the molar Al 2 O 3 /(Li 2 O þ Na 2 O þ K 2 O) is also unity (subaluminous composition). However, assuming that B and Al have a similar structural role in the hydrous melts C1 and C2, one can also define a boron aluminum saturation index (BASI Li ) as the molar (
, which is 1Á24 and 1Á43, respectively, rendering the starting compositions a peraluminous-like chemistry, as established for LCT pegmatites ( Cern y & Ercit, 2005) . C1 and C2 are representative for bulk compositions of Li-rich pegmatites and their highly differentiated cores, respectively (Stewart, 1978) and lie very close to the albite-quartz cotectic and petalite-c-spodumene solid solution boundaries, respectively (Fig. 1) . Based on the results of Stewart (1978) the equilibrium liquidi for the starting compositions C1 and C2 are estimated to be between 650 and 700 C, although the relative contributions of added B and K and higher pressure are not known.
The synthesis of Li-B haplogranitic glasses started with repeated grinding and fusion of mixed reagentgrade SiO 2 , Al 2 O 3 , Na 2 CO 3 , K 2 CO 3 , Li 2 CO 3 , and H 3 BO 3 in an electrical resistance furnace, once at 900 C and twice at 1600 C for decarbonation, dehydration, and homogenization. The glasses were then crushed to a finegrained powder (grain size estimated to be less than 3 lm) and stored in glass containers in a desiccator. A number of experimental runs were doped with 130 ppm Rb, 100 ppm Sr, and 1000 ppm Ta introduced as RbOH, SrCl 2 .6H 2 O, and Ta ammonium fluoride solutions, respectively, to obtain additional information on diffusion-controlled boundary layers (it is intended to publish the results separately). The powders were mixed with an appropriate amount of solution, dried, and reground for complete homogenization. The addition of trace elements did not appear to interfere with the crystallization kinetics and main texture development, which are the scientific objectives of this study.
Pretreatment of experimental charges
Homogenized glass powders were introduced in platinum capsules (diameter 2Á6 or 3 mm, length 20 À 25 mm), with the appropriate amount of water weighed to 6 0Á00002 g. Most trapped air was eliminated to prevent formation of N 2 -rich bubbles during the synthesis by compressing the capsules to a flattened shape prior to the second welding. In addition, the tabular shape of the sample facilitated inspection in transmitted light after synthesis, without prior grinding Stewart (1978) , London (2008) and references therein
C1 is a simplified analogue of bulk composition of an LCT pegmatite; C2 is a simplified analogue of a fractionated core zone of an LCT pegmatite. ASI Li , aluminum saturation index; BASI Li , boron aluminum saturation index. Stewart (1978) . The starting compositions C1 and C2 (gray circles) are projected from the HPGLiAlSi 2 O 6 -B 2 O 3 -H 2 O system. The main mineral phases crystallized in this study (gray diamonds and fields) are alkali-feldspar (Alk fspar), petalite, virgilite solid solution, stuffed quartz solid solution (SQ), and quartz. or polishing. After welding, the encapsulated samples were heated in an oven to 120 C and weighed again to check the quality of the seal.
Similar to some of the previous time-dependent crystallization studies of alkali feldspar or quartz (Swanson, 1977; Swanson & Fenn, 1986) , the starting materials were remelted at 1200 C and 300 MPa for $24 h in an internally heated, argon-pressurized vessel (IHPV) to ensure elimination of all possible nucleation sites and homogenization in water content. The charges were quenched isobarically at a rate of $2Á5 C min -1 to 750 C at 300 6 5 MPa, and then held for up to 8 h to allow the melt structure to re-equilibrate to conditions appropriate for an initially crystal-free granitic melt, consistent with the petrogenetic model proposed by Nabelek et al. (2010) . The charges were then quenched to room conditions, weighed to check for leaks, and transferred to cold-seal hydrothermal pressure vessels for the crystallization experiments. Two charges synthesized using the IHPV were opened and we ensured that crystallization and fluid exsolution had not occurred upon quenching. The IHPV pressure and temperature were calibrated to 6 5 MPa and 610 C based on NaCl melting.
Crystallization experiments
After being loaded horizontally in cold-seal hydrothermal vessels (CSHV), the charges were first remelted at 750 C and 300 6 5 MPa for up to 4 h to simulate the initial conditions during the emplacement of the crystalfree pegmatite liquid. Then, the nucleation and crystallization experiment started with cooling at a rate of $3 C min -1 to the desired temperature, which ranged from 400 to 700 C. The experiment was then held at that temperature for 1-60 days, to build time-series experiments necessary for the characterization of kinetic parameters and textural development for both compositions C1 and C2 with variable amounts of water. Additionally, two isobaric experiments with programmed cooling from 750 to 500 C in 10 days and from 750 to 400 C in 9 days were conducted for each of the compositions C1 with 6Á5 wt % H 2 O and C2 with 6Á5 wt % H 2 O.
Analytical methods
After capsule opening, samples were immersed in distilled-deionized water within glass cuvettes to be inspected and documented in transmitted light on a BX50 Olympus petrographic microscope equipped with an Olympus DP70 digital photographic system and objectives with magnification ranging from 1Á5 to 100Â. The 4 mm Â 15 mm charges had a tabular shape with a thickness < $1Á5 mm, which rendered relatively good transparency for transmitted light microscopy.
Raman spectroscopy was performed using a Horiba Jobin-Yvon LabRam HR800 spectrometer equipped with a Peltier-cooled Synapse V R CCD-detector (2048 Â 512 pixel) and an Olympus BXFM microscope with motorized z-axis (step size 0Á5 mm) and xy-stage (step size 0Á1 mm). Excitation wavelengths were 532Á17 nm from a Laser Quantum torus 532 laser or 472Á9 nm from a Cobolt BLUES TM diode-pumped solid-state laser. Typically, we used a pinhole of 1000 lm, a 100 lm slit, and a grating of 1800 l mm -1 for phase identification. The unpolarized spectra were collected in backscattering geometry using an 100 Â Olympus LMPlanFl objective with a numerical aperture of 0Á80 and a working distance of 3Á3 mm. Wavenumber regions of interest were 100 À 1200 cm -1 for phase identification and 2000 À 4000 cm -1 for water contents in the glasses. After initial phase identification using powder X-ray diffraction (XRD) on mineral concentrate, we identified phases through microscopy based on index of refraction, interference colors, and crystal morphology, coupled with Raman spectroscopy on single grains. Two sets of reference experimental in-house standards were produced for compositions C1 and C2 to calibrate the Raman spectra for determining the concentrations of water dissolved in the glass from selected partially crystallized runs. Water contents in the in-house standards were independently analyzed by Karl Fischer titration (KFT) at the University of Hannover using the method and apparatus described by Behrens et al. (1996) and were validated for homogeneity using electron microprobe traverses.
Portions of run products were mounted in epoxy, ground and polished. Sample surfaces were positioned in both transversal and parallel orientation relative to the contact with the wall of the Pt capsule to capture various textures. Compositional data including B, Na, K, Al, and Si, high-resolution back-scattered electron (BSE) images, and X-ray elemental maps were collected on carbon-coated samples by electron probe microanalysis (EPMA) using a JXA-8500F Hyperprobe system equipped with a thermal field-emission cathode and five wavelength-dispersive spectrometers. The routine operation conditions included an accelerating voltage of 10Á0 kV, a probe current of 5 nA and a beam defocused to 5 mm to reduce spot damage (element diffusion and carbon contamination). For optimal B analysis, a 10 nA current was used to lower the excitation volume, combined with a beam defocused to 10 mm. The beam diameter was reduced to $2 mm when needed to evaluate fine-grained phases (muscovite, quartz, perthitic feldspar, etc.). The standards used were synthetic boron nitride (BN) or tourmaline for B 2 O 3 , orthoclase for SiO 2 , K 2 O, and Al 2 O 3 , and jadeite for Na 2 O. The CITZAF routine in the JEOL software, based on the U(qZ) method (Armstrong, 1995) , was used for data processing. Under these conditions typical relative standard deviations (1r) and detection limits characterizing the analysis of hydrous glass C2 were 9% and 710 ppm for B, 1% and 400 ppm for Si, 1% and 240 ppm for Al, 3% and 190 ppm for Na, and 2% and 160 ppm for K, respectively. Wavelength-dispersive element X-ray maps were obtained using a moving-stage program with an 8Á0 kV accelerating voltage, a 10 nA beam current, and beam scanning mode, with a 1 mm step interval and a 300-400 ms dwell time per step.
Laser ablation sector field inductively coupled plasma mass spectrometry (LA-SF-ICP-MS) was used to supplement the EPMA of minerals and glasses.
7 Li, 11 B, 23 Na, 27 Al, 29 Si, and 39 K were analyzed in a mediumresolution analytical setup including a Thermo-Finnigan Element 2 SF-ICP-MS system coupled to a Photon Analyte 193 nm Excimer laser ablation system. The main laser settings included a pulse duration <4 ns with a repetition rate of 8 Hz, a spot diameter of 10-20 mm, a power of 40%, and an energy of 7Á5 mJ. A flow rate of 1Á64 l min -1 was used for the He carrier gas. For every sample and standard analysis, 40À50 s of carrier gas background was measured prior to laser ablation. To avoid significant matrix effects, a hydrous glass of composition C2 with 6Á5 wt % H 2 O was used as an in-house standard (C2-3) that was independently calibrated using EPMA at the Deutsches GeoForschungsZentrum Potsdam GFZ and Karl Fischer titration at the University of Hannover. Multiple analyses of standard C2-3 were reproducible within about 610% analytical error and indicated that there were no fractionation effects related to spot-size variations. The C2-3 standard was used to bracket the analyses at 2 h intervals. In addition, NIST 610 and NIST 612 were used as external check standards. Measured element concentrations were processed using the Iolite software Trace Element Internal Standardization Routine (Woodhead et al., 2007; Paton et al., 2011) using Al values from prior EPMA as an internal standard for the LA-SF-ICP-MS analysis.
Viscosity measurements
A Theta Industries Rheotronic III 1000C Parallel Plate Viscometer was used to determine viscosity for liquids of compositions C1 and C2 with 0, 3, and 6Á5 wt % H 2 O over a temperature range from 860 to 300 C, typically at 20 C increments. Cylindrical, crystal-and bubble-free glass samples synthesized in IHPV experiments were subjected to uniaxial compression between two silica glass plates, at different temperatures. The vertical cylinder shortening over time was recorded, from which viscosity is determined as the ratio of applied stress to resulting strain rate. The method has been described in more detail by Whittington et al. (2009b) .
Image analysis
Maximum crystal size and average nucleation densities were collected using Adobe Photoshop or ImageJ software to evaluate the kinetics of crystallization and nucleation in relation to undercooling and water concentration. Image analysis was performed on photomicrographs of unpolished, unmounted samples collected in transmitted, polarized light on a BX51 Olympus microscope equipped with a DP70 highresolution digital camera and a Zeiss-Axiophot microscope equipped with a Leica Microsystems DFC290HD camera with variable objective magnification (1Á25Â to 100Â).
All mineral phases produced were anisotropic and had distinct crystallographic forms. At least two complementary images were taken in cross-polarized light rotated at 45 from each other to avoid omission of extinct crystals. To estimate growth rates, the maximum crystal length for each mineral phase was measured and recorded on photomicrographs at various optical magnifications. The maximum crystal length was evaluated as the radius of spherulites, as full crystal length for single-terminated prismatic crystals, as half of the crystal length for double-terminated prismatic crystals, and as the longest diagonal of tabular crystals. To measure true crystal size, fragments of runs immersed in water in a glass cuvette were rotated on the microscope stage, if necessary, so that the longest direction of crystals was horizontal. For nucleation estimates, only the crystals in good focus were counted for a given area. The crystals produced on the opposite side of tabular charges were out of focus and counted upon sample flip. The unpolished, unmounted samples were studied in three dimensions, allowing for a comprehensive assessment of the nucleation density, even in cases when only a few crystals or spherulites were present.
RESULTS
Melt viscosity
Viscosity data are reported and compared with data from the literature (Table 2, Fig. 2 ). Anhydrous melts have viscosities that are $2 to $5 log units lower than B-and Li-free haplogranite and natural peraluminous granites [models hpgLA and grLA of Whittington et al. 
, but retain their near-Arrhenian behavior, at least over the range of measurement. The data are consistent with viscosities of a Li-free anhydrous haplogranite with 4Á35 wt % B 2 O 3 [HPG8B5 of Dingwell et al. (1992) ]. In comparison with complex peraluminous granites, hydrous C1 and C2 are $0Á5 to $1 log units less viscous for 3Á5 wt % added water and $2 log units less viscous for 6Á6 wt % H 2 O (Fig. 2) . However, hydrous C1 and C2 remain more viscous than the hydrous Band Li-free haplogranites, because the effect of water on viscosity decreases with increased complexity of the silicate melt (Whittington et al., 2004) . The viscometric glass transition temperature T g , taken to be the temperature at which the viscosity is 10 12 Pa s, is $674 C for C1 and $614 C for C2. The temperature of the glass transition decreases by several hundred degrees with the addition of water, to $398 C (C1) and $373 C (C2) for 3 wt %, and to $285 C for 6Á5 wt % dissolved H 2 O (C1). The two data points collected for C2 with 6Á5 wt % H 2 O are somewhat discordant, suggesting that water loss affected the second (lower temperature) point. Consequently, T g cannot be extrapolated from the single reliable point for C2, but can be constrained to be less than the 285 C observed for C1. These data demonstrate unequivocally that the C1 and C2 liquids remained molten, without quenching to glass throughout this entire experimental program. Moreover, pegmatite liquids of similar composition must persist over more than half the temperature range from their liquidus to Earth surface temperatures. In turn, the very low glass transition temperatures of hydrous melts emplaced within the upper crust suggest that pegmatitic margins cannot chill below their glass transition temperature.
Phase assemblages
Experimental conditions and assemblages of melt, aqueous fluid, and mineral phases are reported in Table 3 
Melt and aqueous fluid
Quench glass occurred in the run products of all crystallization experiments even at the lowest temperature (400 C) and in the longest duration experiments (60 days at 500 C). Equilibrium boundaries were not the scope of this time-dependent crystallization study, thus the liquidus and the water saturation boundary in Fig. 3 are tentative. The liquidi are constrained based on the presence of crystals in runs at 650 C, absence of crystals at !700 C, and the liquidus temperature for a boron-free, potassium-free equivalent of C2, at conditions of water saturation and 200 MPa, extracted from Stewart (1978) . Liquidus data from Maneta & Baker (2014) for a boron-free granite with $0Á8 wt % Li 2 O and 6 and 10Á5 wt % H 2 O at 500 MPa are also consistent with the C1 data. The effects of pressure on the granitic minimum and water solubility appear to be counteracted by the compositional differences between the three sets of data (Fig. 3) .
Approximate values of undercooling DT for each time series were determined as the difference between the liquidus temperature T L and the experiment temperature T. The glass transition T g , defined here as the temperature at which the undercooled liquid stiffens to a viscosity of 10 12 Pa s, was also plotted against H 2 O content (Fig. 3) . The glass transition data plotted as the 10 12 Pa s isokoms in Fig. 3 were obtained by interpolation, or extrapolation over at most a few tens of degrees, from parallel-plate viscosimetry results conducted on C1 and C2 compositions with 0, 3, and 6Á5 wt % H 2 O.
The majority of charges were water understaturated, as inferred from lack of swelling of capsules, pervasive bubbles, or free fluid after the run. Only a few experiments contained trapped air that facilitated nucleation The mineral assemblages (Table 3 , Fig. 3 ) varied with the distinct nucleation kinetics of different minerals and with run duration. The first-generation magmatic minerals were stuffed-quartz (SQ) solid solution, alkali feldspars typically separated into orthoclase-rich and albite-rich domains, virgilite, petalite, and muscovite. With the exception of muscovite, all minerals nucleated heterogeneously, on the capsule wall or on pre-existing minerals, and grew inwards, towards the capsule center. There was no relation between the distribution of minerals and the orientation of the capsule (top vs bottom). Nucleation was enhanced at the crimped ends of the platinum capsule. Table 3 does not include the second-generation quartz (see below). In some runs, aqueous fluid reached local saturation (bracketed phases in Table 3 ) in the compositionally modified melt (boundary layer) in the crystallization front as indicated by two-phase fluid inclusions found in certain large crystals (see, for example, the section on petalite below). In other cases, the pockets of exsolved aqueous fluid pooled at the contact with the platinum wall all around the capsule and were coated with euhedral single-or double-terminated crystals of quartz 6 muscovite 6 feldspar.
Alkali feldspar
Alkali feldspar had the longest nucleation delays (t d or incubation time) and lowest nucleation density of all phases produced in this study. Typically, only a few crystal aggregates (spherulites) were found in the entire capsule, and only in the longest experiments. The smallest t d was 5 days for C2 with 3 wt % H 2 O at 600 C. The longest documented t d was between 30 and 60 days in C2 with 7-8 wt % H 2 O at 500 C. The highest nucleation densities were experienced in C1 with 5Á8-6Á5 wt % H 2 O at 600 C and were highly variable across the charges. Although sluggish to nucleate, in particular in more fluxed compositions, alkali feldspar is a stable phase in both C1 and C2 of variable water contents, spanning the entire experimental range of crystallization temperatures (Table 3) . When nucleated, feldspar reached the largest crystal size in this study as a graphic K-feldspar spherulite of 1Á57 mm in radius in run MS-88 (C2 with 6Á5 wt % H 2 O at 500 C for 60 days; see below). Typically, feldspar postdates and replaces the unstable phases SQ or virgilite and forms graphic intergrowths with quartz (see replacement textures below). Feldspar compositions varied with temperature and bulk water contents (Table 4) .
Feldspar morphology started as delicate symmetrical feathers and skeletal fibers (dendritic; Sunagawa, 2005) in short-duration experiments (Fig. 4a) and progressively evolved to complex spherulitic or blocky, graphic (hopper; Sunagawa, 2005) intergrowths with quartz in longer duration experiments (Figs 4b and 5). 'Perthite-like' feldspar with domains of Na-rich and K-rich feldspars (Figs 4a and 5b) was found in experiments at 650 and 600 C. At 500 C, orthoclase-rich feldspar formed within the first 30 days (Fig. 5a ), followed by 'perthite-like' intergrowths and albite-rich zones after 30 days (see below). Euhedral (polyhedral; Sunagawa, 2005) single crystals of orthoclase formed at the highest temperature of 650 C and relatively low water contents (Table 5) .
Petalite
Petalite (LiAlSi 4 O 10 ) is a monoclinic, anhydrous phyllosilicate with Li and Al in tetrahedral coordination found in Li-rich pegmatites (London, 2008) . In this study, petalite had a consistent subhedral, tabular, . Black triangles, liquid-only runs; white triangles, relatively short runs between liquidus and glass transition that contained only liquid; white diamonds, undifferentiated mineral assemblages; crosses, position of liquidus after Maneta & Baker (2014) ; circle, position of liquidus after Stewart (1978) .
pseudohexagonal habit (Fig. 6 ). Rapidly grown petalite had the tendency to trap fluid inclusions, as identified by the presence of vapor bubbles, occupying 20-25% of inclusion volume. Because the bulk composition was water-undersaturated, the fluid inclusions must have formed by local fluid exsolution in the boundary layer at the crystal-liquid interface during crystal growth (Fig.  6a, bottom) . Petalite nucleated in both C1 and C2, but only at T 550 C and at water-undersaturated conditions in C1 (Table 3) , and at T 600 C in C2. A content in melt of $6Á5 wt % yielded the maximum growth rate of petalite in C1 at 550
C. Petalite appears to be stable in both compositions C1 and C2 and had constant volumetric growth rates within each time series (see below).
Virgilite, stuffed quartz (SQ), and quartz
Stuffed quartz (SQ) and virgilite (Li x Al x Si 3-x O 6 ) are solid solutions between b-quartz (SiO 2 ) at x ¼ 0 and c-spodumene (LiAlSi 2 O 6 ), a hexagonal (space group P62 2 22 or P62 4 22) polymorph of spodumene with a disordered (Al,Si) distribution in the tetrahedral site (Munoz, 1969; French et al., 1978; Sharma & Simons, 1981; Alekseeva et al., 2008 ) at x ¼ 1. In virgilite, the paired tetrahedral Al and channel-hosted Li atoms yield a b-quartz derivative hexagonal structure (Palmer, 1994) . At x ¼ 0Á6 this corresponds to Al/Si ¼ 0Á25 and the composition of virgilite is identical to that of stoichiometric petalite. Initial identification of virgilite in this study relied on the powder XRD pattern of natural virgilite from Macusani glass with an empirical formula corresponding to x ¼ 0Á5 and Al/Si ¼ 0Á2 (French et al., 1978) . Routine identification of SQ and virgilite relied on crystal morphology and on Raman spectra ranging from 100 to 1200 cm -1 wavenumbers that are reported in Supplementary Data (SD) Electronic Appendix 1 (Supplementary Data are available for downloading at http://www.petrology.oxford journals.org). The Raman spectra of SQ and virgilite were distinguished mainly by the intensity ratio of the two m S (T-O-T) bands at $453 and $474 cm -1 of Si(Al)O 4 tetrahedra with four bridging oxygens (Sharma & Simons, 1981 ; SD Appendix 1). Because this intensity ratio correlates with the Si-Al ratio, we assign the band at $453 cm -1 to m S (Si-O-Si) and that at $474 cm -1 to m S (Si-O-Al), which differs from the assignment by Sharma & Simons (1981) of the band at lower wavenumber to the E 1 mode, and which suggests that the weak band at $550 cm -1 may be from m S (Al-O-Al). Furthermore, the Raman spectra of SQ displayed several additional weaker bands (SD Appendix 1). In particular, the appearance of a band at $352 cm -1 indicates that SQ had transformed to the trigonal a-quartz structure upon cooling to room temperature (Castex & Madon, 1995; Schmidt & Ziemann, 2000) . 
In this study, the first magmatic phases to nucleate across a wide range of temperatures and H 2 O contents were virgilite ( Fig. 7a and b) in experiments on C2 compositions and two 60 day C1 experiments at 500 C and SQ (Fig. 7c ) in experiments on C1 compositions. However, in both C1 and C2 experiments, SQ (but not virgilite) formed intergrowths with graphic feldspar (Figs 4 and 5), euhedral crystals in pockets of exsolved fluid (Fig. 7d) , or rims on first-generation, partially resorbed SQ or virgilite ( Fig. 7e and f) .
In addition to distinct chemical compositions (Table 4) and Raman spectra (SD Appendix 1), firstgeneration SQ and virgilite have distinct morphologies that vary as a function of water content and 
Total 100Á2 9 9 Á8 100Á0 9 3 Á7 9 1 Á8 9 5 Á8 9 8 Á8 Cations based on number of oxygens p.f.u. temperature (Table 5) . Virgilite occurs as euhedral, elongated hexagonal prisms at high water concentrations and/or high temperatures (Fig. 7a) , or as skeletal crystals at low water concentrations and/or low temperatures (Fig. 7b) . Typically, SQ forms short, dipyramidal, slightly skeletal prisms (Fig. 7c, Table 5 ).
Although virgilite and SQ were the first phases to nucleate, they appeared to be metastable. In longer duration experiments, SQ and virgilite started to resorb and rims of nearly pure quartz developed. Resorption was enhanced when the SQ or virgilite crystals were situated near or inside large crystals of alkali feldspar ( Fig. 7e and f) or petalite (Fig. 8a) . However, quartz rims formed on skeletal virgilite, even when they were not in proximity to other large crystals (Fig. 8b) . The quartz rims were documented by EPMA and Raman spectroscopy. The metastability of SQ and virgilite is also indicated by their crystal sizes, which start to decline in experiments lasting 30 days or longer (see section below). In contrast, second-generation quartz lacks any signs of resorption and continues to grow during the entire run time even in the longest experiments of 60 days.
Muscovite
In our study, muscovite was the only magmatic phase that nucleated homogeneously in the bulk melt, through volume, rather than surface nucleation (Figs 6a and 8b) . It had the largest nucleation rate and the smallest growth rate of these phases. Muscovite formed typical monoclinic, tabular crystals (Figs 6c and 8) at a wide range of temperatures in both C1 and C2 compositions with H 2 O > 3 wt %. Nucleation density and grain size of muscovite were enhanced within boundary layers of large, rapidly growing K-free phases (Fig. 8b) . Muscovite crystals were also coarser near or within fluid pockets.
Nucleation behavior and growth rates
Growth rates and nucleation delays were determined for each mineral and the results are listed in Table 5 . Best-fit attempts of crystal size vs time (run duration) data indicated a cube root dependence on time, rather than a square root function that was found in previous diffusion-controlled growth studies (e.g. Watson & Price, 2002; Gö tze et al., 2010) . The cube root function suggests that volumetric growth rates are constant (see below). Evaluation of the overall nucleation densities is presented for petalite, SQ and virgilite below.
Alkali feldspar
Typically, alkali feldspar-quartz intergrowths developed as 'graphic' aggregates of semispherical shape (spherulites) that nucleated on the capsule walls (Table 5 ). The radii of the largest spherulites were plotted versus run duration for the time series C1 with 6Á5 wt % H 2 O at 500, 600, and 650 C and for C2 with 6Á5 wt % H 2 O at 500 C (Fig. 9) . The radial growth rate decreased with decreasing run duration as indicated by the nonlinear slope of spherulite radius vs time (Fig. 9a) .
The volumes of the largest graphic feldspar spherulites were estimated as volumes of hemispheres, or truncated hemispheres if the radius of the spherulites exceeded the charge thickness. For each time series, the spherulite volumes plotted versus time followed linear trends (Fig. 9b) , indicating that the feldspar spherulites grew with a constant volumetric growth rate for at least 60 days. The slope of the best-fit lines yielded the volumetric growth rates G v of the 'graphic' feldspar (in mm 3 day -1 ) and their time intercepts yielded the nucleation delay (t d in days). Kinetic parameters for the time series for various water contents were estimated using two to four non-zero growth data points (Table 5) .
For each time series, the effective undercooling DT was estimated as the difference between the liquidus temperature ( Fig. 3) and the actual experimental temperature. At 500 C and 6Á5 wt % H 2 O, equivalent to DT % 170 C for C1 and % 160 C for C2, the nucleation and growth behavior of graphic feldspar for the two time series were very similar: G v ¼ 0Á043 mm 3 day -1 and t d ¼ 14Á2 days nucleation delay for C1 with 6Á5 wt % H 2 O and 0Á056 mm 3 day -1 and 14Á5 day nucleation delay for C2 with 6Á5 wt % H 2 O (Fig. 9b) . The average radial growth rates for time series C1 with 6Á5 wt % H 2 O at 500 C and C2 with 6Á5 wt % H 2 O at 600 C were calculated as the ratio between maximum crystal size in the longest experiment of duration t (60 days in this case) and the effective growth time (t -t d ). The radial growth rates were also nearly indistinguishable for C1 and C2, at 0Á028 mm day -1 or 3Á2 Â 10 -10 m s -1 . The kinetic parameters were then plotted against DT. For a given composition, the effect of undercooling was substantial on both growth and nucleation, which displayed a bell-shaped variation with DT ( Fig. 9c and d) . Prominent volumetric growth maxima and nucleation minima were reached at DT % 60 C for C2 with 3 wt % H 2 O and at DT % 170 C for C1 with 6Á5 wt % H 2 O.
Petalite
A similar procedure was applied to determine the growth rates for petalite. The largest diameter of pseudohexagonal plates of petalite plotted versus time also shows a nonlinear behavior ( Fig. 10a and b) . Because the thickness of the largest petalite crystals was not easily measurable in transmitted light, a different strategy was applied to determine volumetric growth. The average aspect ratio R, defined as the thickness of the pseudohexagonal plates divided by their diameter, was measured for 1-5 crystals for each run. Average R values were estimated from BSE images, when available, or from transmitted light photographs with petalite crystals optimally oriented. These were found to be remarkably constant across the entire experimental program R ¼ 0Á53 6 0Á082 (n ¼ 51). The average relative standard deviation of the value of R for all pertinent runs was 13%.
The maximum volumes of petalite crystals were then calculated for each experimental run using the volume formula of a hexagonal prism as an approximation to the pseudohexagonal, short monoclinic prisms,
where D is the maximum diameter and R is the average aspect ratio for each run. The crystal volumes were plotted versus run duration for each time series, and best fitted with linear regressions (SD Appendix 2.1 and 2.2) to obtain the volumetric growth rates (G v ) and the nucleation delays (t d ; Table 5 ). The main sources of error in determining petalite volumes are the estimates of aspect ratios, the assumption that R values are constant for a given experiment, and the geometry simplification of petalite crystals to a hexagonal prism. The regression coefficients of the best-fit lines for time series that had >2 petalite-producing runs varied from 0Á869 to 0Á997. When plotted against DT on a semilogarithmic plot, the G v of petalite showed a rough bell-shaped distribution, with maxima at DT % 125 C for both compositions C1 and C2. Volumetrically, the petalites in C2 grew about two orders of magnitude faster and nucleated several times faster than petalites in C1 ( Fig. 10c and d) . A change in water content did not cause a systematic change in the G v values and nucleation delays, within analytical error of about 6 15% ( Fig. 10c and d) . Nevertheless, variations in the initial H 2 O contents of the runs, included The number of runs represents the number of experiments within a time series that were used as data points for the linear regressions to determine nucleation delay (t d ) and volume growth rates (G v ) as shown in SD Appendix 2. R 2 values are the regression coefficients (see SD Appendix 2 for more information).
for comparison, might explain the data scatter of the trends. The average linear growth rates of petalite defined as the diameter of the largest crystal in the longest duration experiment vs effective growth time reached a maximum value of 5Á6 Â 10 -10 m s -1 in C2 with 6Á5 wt % H 2 O at 550 C, about three times larger than the linear growth rate of petalite in C1 with 6Á5 wt % H 2 O at 550 C.
First-generation SQ and virgilite
Even though SQ and virgilite were metastable in all experiments, they were the first phases to nucleate and grow, thus they influenced the final texture. Similar to the case for feldspar and petalite, the maximum length of these quartz-like phases plotted against run duration led to nonlinear functions (Figs 11a, b and 12a, b) . The lengths of SQ and virgilite crystals in several runs were inconsistent and were excluded from subsequent calculations (see gray symbols in Figs 11a and 12a) . In six of the inconsistent cases the length of crystals increased insufficiently or decreased in experiments of 30 days or longer, which can be explained based on metastability, resorption, and consumption of SQ or virgilite by rapidly developing, stable petalite or feldspar-quartz intergrowths. However, the length of SQ in the experiment C1 with 6Á5 wt % H 2 O at 500 C for 60 days exceeded the anticipated trend. This may have been caused by the skeletal nature of SQ at these conditions (Fig. 8a) . After excluding the outliers, the average linear growth rate for SQ reached a maximum value of 3Á00 Â 10 -10 m s -1
at DT ¼ 220 C in time series C1 with 3 wt % H 2 O at 550 C. The volume of the largest crystals was estimated based on measured length and average width-tolength aspect ratio R, assuming a hexagonal prism 6 dipyramidal terminations or dipyramid simplified geometry (see SD Appendix 2.3 for more information). If the crystals were doubly terminated (i.e. nucleated from the center and grew symmetrically), only half of the volume was considered. As a first approximation, the total volume occupied by skeletal crystals was estimated with no correction for the interstitial glass.
When plotted against run duration, the maximum crystal volumes followed linear trends, with regression coefficients R 2 between 0Á9865 and 0Á9999 for SQ (SD Appendix 2Á3) and between 0Á4672 and 0Á9999 for virgilite (SD Appendix 2.4). The slopes of the best-fitted lines for each time series provided the volume growth rates (G v ) and their intercepts with the time axis provided the nucleation delay (t d ) (SD Appendix 2.3 and 2.4; Table 5 ). The G v and t d values were plotted against undercooling DT (Figs 11c, d and 12c, d ). The effect that undercooling has on SQ growth rate is illustrated on a semilogarithmic plot (Fig. 11c) for the time series C1 with 6Á5 wt % H 2 O conducted at 650, 600, 550, and 500 C, with corresponding DT values of approximately 20, 70, 120, and 170 C based on the C1 liquidus curve estimate (Fig.  3) . The G v data for SQ display a typical bell-shaped behavior with zero growth in experiments at or below 450 C, corresponding to DT ! 220 C (Table 3) and at temperature approaching the liquidus corresponding to DT ¼ 0 C. The growth rate of SQ reached a maximum growth rate of 5Á23 Â 10 -7 mm 3 day -1 at 600 C (DT % 70 C; Fig. 11c ). For the same time series C1 with 6Á5 wt % H 2 O, SQ nucleation delays drop sharply from an infinite value that is expected at the liquidus temperature to an apparent minimum of 1 day at 650 C (DT % 20 C) and then increase progressively with the degree of undercooling to 5Á5 days at 500 C (DT % 170 C; Fig. 11d ).
The effect that the amount of dissolved water has on SQ growth and nucleation is also illustrated in Fig. 11c and d. A decrease of water contents from 9 to 6Á5 wt % H 2 O at 500 C (corresponding to DT % 155 and 170 C, respectively) causes a drop in G v by more than an order of magnitude. A continuous decrease to 5 and 3 wt % H 2 O (corresponding to DT % 185 and 220 C, respectively) leads to an increase by more than two orders of magnitude of G v . The slightly skeletal nature of SQ in time series runs C1 with 3 wt % H 2 O at 500 C (which led to < 25% volume exaggeration) can only partially contribute to this apparent strong increase in G v values with the decrease in dissolved H 2 O. On the other hand, the decrease of water contents from 9 to 3 wt % at 500 C causes the nucleation delay to decrease consistently (Fig. 11d ). As such, t d for 3 wt % H 2 O at 500 C, corresponding to DT % 220 C, is only $ 1 day, the same as t d for 6Á5 wt % H 2 O at 650 C corresponding to DT % 20 C. These observations show that the concentration of water in the system exerts a distinct control on the growth rate and nucleation delay of quartz, in addition to the effect of undercooling.
Similarly to SQ, the effect of undercooling on the kinetic parameters of virgilite is illustrated on a semilogarithmic plot (Fig. 12c) for the time series C2 with 3 wt % H 2 O and C2 with 6Á5 wt % H 2 O conducted at 650, 600, 550, and 500 C, with corresponding DT values estimated based on the C2 liquidus (Fig. 3) . The G v data for virgilite also display a typical bell-shaped behavior with zero growth as temperature approaches T g and at T L (DT ¼ 0 C) and maximum growth rates of 8Á8 Â 10 -4 and 1Á0 Â 10 -3 mm 3 day -1 at undercooling values of DT % 160 C and 60 C for C2 with 6Á5 and 3 wt % H 2 O, respectively. Although G v variation with DT does not change significantly for H 2 O between 3 and 6Á5 wt %, as suggested by the gray curve in Fig. 12c , the G v drops by several orders of magnitude in runs with 9 wt % H 2 O. Virgilite appears to nucleate even more rapidly than SQ. Nucleation delays of virgilite show an inverted bellshaped behavior with minima at DT % 60 C and 110 C for C2 with 6Á5 and 3 wt % H 2 O, respectively (Fig. 12d) . There is no distinct effect of the water concentration in the melt; for example, virgilite in the time series C2 with 9 wt % H 2 O at 500 C has a very similar nucleation delay to that for C2 with 6Á5 wt % H 2 O at nearly the same undercooling (Fig. 12d) .
Muscovite
A systematic analysis of muscovite G v and t d has not been conducted because of the very fine grain size (less than 10 mm) that approached the pixel size on most images, even in the longest duration experiments. In addition, the growth was complicated locally by compositional changes. Muscovite crystals grew faster when nucleated in the boundary layers of virgilite or petalite (Fig. 8 ) or adjacent to fluid pockets.
Nucleation densities (NDs)
NDs, defined as the number of crystals (N) per unit area (N mm -2 ), were evaluated for petalite, SQ and virgilite. As discussed above, alkali feldspar nucleated sparingly and somewhat inconsistently, therefore a statistical analysis of their NDs was not possible. Muscovite nucleated homogeneously but did not significantly contribute to the textural development because it was always the finest grained crystalline phase and had the smallest volume percentage.
The NDs of petalite, SQ, and virgilite, varied widely, by 2-4 orders of magnitude, even within the same time series, and had a non-systematic variation with temperature and amount of water (SD Appendix 3). Intrasample nucleation variability resulted in relatively large analytical errors (standard deviation) of the NDs for a given experiment, averaging 40-60% for the three minerals based on 3-4 replicate ND measurements per experiment. Within analytical error, longer duration runs did not increase the NDs systematically, suggesting that in this system nucleation of a given mineral occurs in one relatively short pulse, following a consistent and reproducible t d , after which nucleation ceases. Furthermore, we observed a remarkable tendency of the NDs of SQ and petalite in composition C1 to decrease with longer run duration, suggesting that, in time, although crystals continue to grow (Fig. 9) , they may develop at the expense of others by dissolutionreprecipitation.
However, despite the large errors and inconsistencies, the ND maxima (i.e. for short-duration experiments) have a Gaussian distribution when plotted against the effective undercooling (SD Appendix 3). In addition, the following mineral-specific nucleation behavior was typically observed: ND muscovite > ND SQ > ND virgilite > ND petalite > ND feldspar , which is the reverse order of that observed for the volume growth rates.
Compositions
Compositionally, the alkali feldspars separate into Krich and Na-rich based on their mole fraction of KAlSiO 3 [K/(K þ Na) ratio in Table 4 ; Fig. 13 ]. The Li and B concentrations in alkali feldspars measured with LA-SF-ICP-MS averaged 840 ppm Li and 1260 ppm B (Table 4) and will not be discussed further. K-rich feldspar is dominant in all experiments, accompanied by perthite-like domains or by broad zones of Na-rich feldspar. Structurally, the K-feldspar is orthoclase in the 60 day runs, based on its Raman spectrum. The compositions of binary alkali feldspars were plotted on a temperature vs mole fraction of KAlSi 3 O 8 diagram (Fig. 13 ) and compared with the strain-free and coherent alkali-feldspar solvi (Yund & Tullis, 1983 , and references therein). Although the average for each run departs only slightly from the equilibrium solvus at a pressure of 300 MPa, we interpret the data scatter (error bars in Fig. 13 ) with run duration to be probably caused by the disequilibrium fractionation of alkalis during feldspar crystallization.
Because of grain-size limitations, only selected crystals of lithium aluminum silicates were analyzed by LA-SF-ICP-MS. Boron, K, and Na contents of the lithium aluminum silicates were generally low and variable (Table 4) , and were excluded from this study. Petalite, SQ, and virgilite have a variable composition along the SiO 2 -spodumene (LiAlSi 2 O 6 ) join via Li þ Al $ Si substitution, as suggested by the negative linear trend of Al p.f.u. vs Si p.f.u. in Fig. 14a . Consequently, a measure of the Li Al silicate compositions is the Al/Si atomic ratio with a value of zero in pure quartz, 0Á20 in natural virgilite from Macusani obsidian, Peru (French et al., 1978) , 0Á25 in stoichiometric petalite LiAlSi 4 O 10 , and 0Á5 in the stoichiometric spodumene LiAlSi 2 O 6 (Fig. 14a) . The compositions of the Li Al silicates in this study fall into two groups: quartz-SQ limited solid solution with Al/Si ranging from zero to 0Á13 (n ¼ 53), and virgilite solid solution, with an average Al/Si value of 0Á25 6 0Á01 (n ¼ 190). The average virgilite compositions are almost identical to that of petalite, which has a nearly stoichiometric average ratio of Al/Si ¼ 0Á24 6 0Á01 (n ¼ 97; Table  4 ; Fig. 14a and b) . The Al/Si scatter observed for SQ of a 
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-6.5wt% -5wt% C2: -6.5wt% -3wt% given type or generation and DT (Fig. 14b) did not correlate with position within the capsule or amount of crystals. An increase of Li and Al substitution in the first-generation SQ with decreasing DT (increasing T) is possible, but more data are necessary to confirm this observation.
The Raman spectra at room temperature indicate an a-quartz structure for SQ and b-quartz structure for virgilite (SD Appendix 1). In C2 runs, virgilite was the first phase to crystallize; however, it generally reacted with the surrounding liquid to form rims of secondgeneration SQ (Fig. 14b) . These Si rich, Li-Al-poor rims were recognized via X-ray mapping in experiments as short as 3 days, but reached the size required for EMPA only in longer experiments. SQ was the predominant quartz-like first-generation phase in C1 experiments, reflecting the lower Li concentration in this composition. In addition, subhedral SQ formed within fluid cavities in both C1 and C2 runs, suggesting that locally achieved fluid saturation results in lower partitioning of Li into the quartz-like phase.
Glass compositions were analyzed to study the development of compositional heterogeneity in the melt and to obtain information on the evolution with run duration and degree of crystallization (Table 4 ). The composition of glass distanced more than 200 mm from the crystallization front remained nearly identical to the starting material composition, irrespective of location within the capsule (i.e. top vs bottom, core vs margin; see columns 12 and 13 in Table 4 ). Qualitatively, compositional boundary layers with thicknesses from 5 to 200 mm were recognized in the BSE images of many experiments by darker glass at the interface with rapidly growing crystals caused by enrichments in the light, incompatible components B and H 2 O (e.g. 13Á12 wt % B 2 O 3 ; column 14 in Table 4 ). Quantitative characterization of the boundary layers produced systematically in this study will be presented in a subsequent paper. Melt-melt immiscibility was not observed, even in the most enriched boundary layers. However, local exsolution of an aqueous fluid at the crystal-melt interface was common in long-duration experiments. The detailed chemical compositions, evolution, and implications of the experimental boundary layers will be presented elsewhere.
Textures
The overall texture of the experimental products was controlled by the specific nucleation behavior, growth rates, and morphologies of single minerals or intergrowths occurring for each time series. In addition, the textural complexity varied with time and the fraction of crystallization. The experimental features resembled the natural textures characteristic of zoned pegmatites, or, in some cases, non-pegmatitic textures. The type of texture formed was a function of composition, water content and effective undercooling (Fig. 15) . 
'Chilled margin' and unidirectional solidification texture
Textures similar to fine-grained, 'chilled margins' were produced through heterogeneous nucleation of short prismatic or pyramidal quartz-like phases SQ (in C1 runs) and virgilite (in C2 runs) on the Pt capsule wall, at very high nucleation densities (Figs 15a) . For example, SQ in runs MS-47 in C1 with 5 wt % H 2 O at 500 C at DT ¼ 185 C (Fig. 15a ) and MS-67 in C1 with 6Á5 wt % H 2 O at 550 C at DT ¼ 120 C nucleated > 10 000 nuclei m -2 after an estimated delay t d of 4Á4 days and 5Á5 days, respectively, but grew with some of the lowest G v values of only 1Á7 Â 10 -6 mm 3 day -1 and 1Á0 Â 10 -7 mm 3 day -1
, respectively (Table 5) . Elongated prismatic or acicular SQ and virgilite (Table 5 ) that nucleated at moderate NDs on the capsule wall but at higher G v values than in the prior example resembled a unidirectional solidification 'comb-like' texture. For example, a texture similar to that of the coarse wall zone or the outer core zone of Li-rich pegmatites was produced in MS-48 (C2 with 5 wt % H 2 O at 500 and G v ¼ 3Á1E -04 mm 3 day -1 (Fig 15b) .
Internal zoning and graphic texture
In longer duration runs, a typical zoned pegmatite structure resulted from sequential mineral assemblages. The succession was defined by the consistent relation between the t d values of various minerals. The t d of virgilite or SQ 6 muscovite was shorter than those of the other minerals; therefore the quartz-like phases 6 coarse muscovite formed first, followed by petalite (Fig. 8a) , and alkali feldspar-quartz graphic intergrowth (Fig. 15c) . For example, run MS-59 (C1 with 6Á5 wt % H 2 O at 500 C, DT ¼ 170 C, 30 days) consists of two zones: a border and a wall zone defined by 'comb-like', progressively coarsening SQ, which nucleated after t d ¼ 5Á5 days and grew with a G v ¼ 1Á0E -07 mm 3 day -1 , followed after 9Á3 days (t d ¼ 14Á8) by an intermediate zone defined by graphic quartz-feldspar with an extremely low ND but five orders of magnitude larger G v of 4Á3E -02 mm 3 day -1 (Fig. 15c) , which simulates the natural graphic texture of many granitic pegmatites at a scale of 1:1000 to 1:100 000.
A tendency to segregate further into zones was noticed in C2 compositions at high to moderate undercooling (DT ¼ 160-140 C) corresponding to 6Á5-9 wt % H 2 O at 500 C, in long-duration runs, where feldspar formed successive K-rich and Na-rich zones (e.g. Fig.  15d ). In experiment MS-88 (C2 with 6Á5 wt % H 2 O at 500 C, DT ¼ 160 C, 60 days) the typical sequence of pegmatite zones from border to core zone occurs, including 'miarolitic pockets'. Although the run started below water saturation, the experiment reached local saturation via fractional crystallization. Because feldspar nucleated only on one side of the capsule, but filled up the entire width of the capsule, pockets of highly fractionated melt developed asymmetrically in the feldspar's terminal crystallization front on the other side of the capsule (Fig. 15d) . In these pockets vesiculation of the melt occurs, aqueous fluid accumulates in larger 'miarolitic' cavities and euhedral terminations of feldspar and coarsened quartz develop (inset in Fig. 15d) .
The initially water-saturated C1 experiments with 9 wt % added H 2 O conducted at 500 C (Table 3 ) also developed 'pocket' minerals such as doubly terminated quartz (Fig. 7d) within the large cavities formed presumably from the beginning of the isothermal runs at the interface between the melt and capsule wall. In many cases, the euhedral quartz crystals nucleated in the melt as SQ or virgilite, coarsened, and evolved to nearly pure quartz in the presence of the exsolved fluid.
Massive or anastomosed textures
Textures that resembled the massive, Li-rich cores of LCT pegmatites were also produced in C2 at moderate to high undercooling. For example, in run MS-88 (C2 with 6Á5 wt % H 2 O at 500 C, DT ¼ 160 C, 60 days), in the feldspar-free areas, petalite crystals coalesced to form a massive petalite zone with inclusions of quartz (pseudomorphs after virgilite) and coarse muscovite. In C2 runs with 6Á5 wt % H 2 O, but at lower values of undercooling (DT ¼ 60 C), the ND of petalite is strongly diminished to only 1-10 N mm -2 whereas the ND of virgilite is higher (10-100 N mm -2 ). The elongated, acicular crystals of virgilite form a random network resembling the anastomosed spodumene texture present in the cores of large LCT pegmatites.
Replacement textures
SQ and virgilite showed ample evidence of resorption in the liquid and rimming or replacement by pure quartz (Figs 7e, f, 8 and 15 c, d ). Runs 30 days or longer contained little or no quartz precursors. In the cases when the quartz precursor remained surrounded by melt 6 exsolved fluid, multiple quartz crystals nucleated along the outlines of the former crystals, grew and coalesced to develop a second-generation mineral zone (Fig. 15d) . When it became included in more rapidly growing phases, quartz formed irregular, replacementrelated intergrowths with alkali feldspar (Fig. 7e and f) or petalite (Fig. 8a) .
Skeletal textures
The skeletal, 'feathery' alkali feldspar found at early stages (immediately after nucleation; MS-21; Fig. 4a ) is most probably an early stage precursor of the graphic texture that formed in longer duration runs (Table 5 ). In addition to the graphic feldspar described above, which is a form of skeletal intergrowth, SQ and virgilite exhibited strong skeletal morphologies, in particular in experiments with low (3-5 wt %) H 2 O contents (Table 5, Figs 7, 8, 15e and 16) . Although it may resemble snowflakes when cut perpendicular to its c-axis (Fig. 15e) , skeletal virgilite is dipyramidal, thus 'fishbone' or 'treelike' shapes are also encountered (Table 5 ; Fig. 7b ). The skeletal virgilite morphology resembles that of 'snowflake' quartz common in certain New England pegmatites (e.g. Fisher Quarry near Topsham, Maine in Fig. 15f ; London, 2008) . Unlike natural muscovite, which can also form skeletal, dendritic aggregates, muscovite in this study nucleated homogeneously, with a high nucleation density throughout the capsule, but remained fine-grained with a simple morphology, regardless of the degree of undercooling.
Non-pegmatitic texture
Non-pegmatitic texture was produced at very low DT. For example, in experiment MS-52 at DT ¼ 10 C only two, euhedral K-feldspar 'phenocrysts' $ 30 mm long were found, surrounded by virgilite (ND ¼ 35 N mm -2 ) less than 3 mm long that grew with the lowest G v estimated in this study of 3Á7 Â 10 -9 mm 3 day -1
. This nucleation and growth behavior may have led to porphyritic granite if the temperature remained near the liquidus temperature for a long time, at a very low rate of cooling.
INTERPRETATIONS AND DISCUSSION
Igneous texture in experiments vs nature
Nucleation and growth parameters quantified in this study as a function of the concentration of dissolved H 2 O, DT, and time (Table 5 (Sirbescu et al., 2015) . dissolved H 2 O controls the final texture in two distinct ways. Adding H 2 O to the system lowers T L , which, for a given temperature, reduces the effective undercooling of the system (DT). In contrast, for a given DT, the amount of dissolved H 2 O affects the morphology, nucleation behavior, and growth rate of mineral phases.
For example, the distinct roles of water and undercooling in controlling the morphology of virgilite are illustrated in Fig. 16 . At low H 2 O contents, virgilite becomes increasingly more skeletal with decreasing temperature (increasing DT). Conversely, for identical values of DT, an increase in H 2 O content will cause virgilite to change from a highly skeletal habit, dominated by hexagonal pyramids of low aspect ratio, to more euhedral, elongated to acicular prism-pyramid combinations of high aspect ratio (Table 5 , Fig. 16 ). In more fluxed compositions (6Á5-9 wt % H 2 O), the nucleation and growth of this metastable phase are significantly reduced, in particular at low levels of DT (Figs 11 and  12 ; SD Appendix 3). Furthermore, the rimming and replacement of SQ and virgilite by quartz is enhanced at high H 2 O concentrations, especially in the compositionally enriched boundary layers of rapidly growing alkali feldspars, as shown above.
Even though SQ and virgilite are metastable and later replaced by quartz, their early heterogeneous nucleation with a very high ND leads to 'chilled margin' (in C1) and unidirectional solidification textures of quartz 6 muscovite (in C1 and C2). The relatively short nucleation delays of the quartz precursors and the high degrees of undercooling of the experiments that resulted in these early stage textures are consistent with the rapid cooling rates estimated for the marginal zones of pegmatite dikes emplaced in colder country rock of several tens of degrees per hour (Webber et al., 1999; Sirbescu et al., 2008) . In addition, according to our experiments, moderate amounts of dissolved H 2 O of $ 6Á5 wt % are required to achieve the high ND and low t d values characteristic for marginal pegmatite zones.
Low H 2 O contents of 3-5 wt % promote skeletal or dendritic morphologies of SQ and virgilite (Table 5 ; Figs 15e and 16) that resemble the centimeter-sized 'snowflake' or dendritic quartz surrounded by feldspar common in the New England pegmatites (Fig. 15f) or Spruce Pine pegmatites, North Carolina (Swanson & Fenn, 1986; Swanson & Veal, 2010) . Some of these pegmatites are not Li-rich, and therefore this 'snowflake' quartz is not necessarily produced as a replacement of virgilite or SQ. For that reason and by analogy with the observations summarized in Fig. 16 , we interpret these textures as a consequence of a drop in water activity (e.g. crystallization of large amount of mica) that triggered high effective undercooling.
Our systematic experimental study simulated successfully the formation of graphic quartz-feldspar intergrowths, one of the hallmark textures of granitic pegmatites, across a large range of H 2 O contents and degrees of undercooling. Remarkably, we produced graphic aggregates that exceeded the midpoint of the charge thickness, overgrew the initial zone of quartz 6 muscovite (Figs 4, 5 and 15c), and crystallized on the opposite side of the capsule from coarse petalite crystals (e.g. Fig. 6 ). The resulting textures resembled zoned granitic pegmatites with unidirectional solidification textures in the outer zones or core margins, followed by massive graphic feldspar in the intermediate zones for C1, or massive Li-rich cores for C2. The key to these successful simulations was the very low nucleation density of the quartz-feldspar intergrowths coupled with their rapid growth rates exceeding those of other minerals. This nucleation and growth behavior that produced blocky 'perthite' or massive graphic feldspar, the hallmark features of pegmatites, was achieved at DT values ranging from 60 C for C2 with 3 wt % H 2 O to 170 C for C1 with 6Á5 wt % (Fig. 9 , Table 5 ). In addition to the typical co-crystallized quartzfeldspar skeletal intergrowths with 'graphic' geometries described above (Figs 5 and 15c) , resorbed early metastable SQ or virgilite rimmed or pseudomorphed by second-generation quartz was often engulfed in rapidly growing feldspar (Fig. 7e and f) . The quartz particles incorporated in feldspar had multi-crystalline, granular, irregular, 'staple-like', distorted hexagonal shapes that resemble certain feldspar-quartz intergrowths found in pegmatites. As such, we can interpret these irregular multi-crystalline intergrowths as a result of sequential crystallization of quartz followed by feldspar rather than via co-crystallization of quartz and feldspar skeletal single crystals.
The random networks of fibrous, large virgilite crystals formed in experiments C2 with 6Á5 wt % H 2 O at high, even in long experiments at high undercooling but a low amount of dissolved water (e.g. Fig. 16 ).
To compare with growth rates reported in other experimental or field studies, we estimated the average unidirectional growth rates, albeit highly variable with time, based on the length or radius of the largest crystals and their effective growth time (i.e. total experiment duration minus the nucleation delay t d ). The same time series that yield the maximum unidirectional growth rates for a given mineral species also yield the maximum volumetric growth rates for most species. The radial growth rates for alkali feldspar-quartz spherulites are consistent with experimental data from the literature (Fenn, 1986; Maneta & Baker, 2014) and support a negligible effect of additional Li and B. The maximum rate did not exceed 10 -9 m s -1 and is similar to those in the experiments by Maneta & Baker (2014) in which no Li was added. However, we notice that the initial bulk composition and undercooling have different effects on the nucleation and growth of distinct minerals. Indeed, for feldspar-quartz intergrowths, only a slight increase in G v occurs with doubling the amounts of Li and B from C1 to C2. However, there is a significant effect of water on the value of DT at which G v reaches a maximum value: DT is only $60 C for low water contents of 3 wt % H 2 O and $150 C for 6Á5 wt % H 2 O. In contrast, the Li-Al silicates produced in this study nucleate faster and grow at least 100 times faster when the amount of Li and B is doubled, whereas G v reaches a maximum at DT of $120 C for both C1 and C2, with minimal or no effect of dissolved water amount.
As also noted by London (2014) , it appears that the experimental growth rates are much lower (three to four orders of magnitude in our case) than crystal growth rates in natural pegmatites, as constrained via conductive cooling calculations. Considering the temperature-dependent thermal diffusivity (Nabelek et al., 2012) in these calculations, the longevity of a pegmatitic melt may increase by a factor of two at most, which is insuficient to explain the several orders of magnitude difference between experimental and natural crystallization rates. Our experiment durations of several tens of days are roughly the same as the solidification time of a granitic dike of one to several meters thickness emplaced in significantly colder wall-rock. This is about three to four orders of magnitude larger than the thickness of the flattened charges in our experiments (e.g. see the entire width of capsule of about 0Á8 mm in Fig. 6a ). Consequently, we tentatively explain the remarkable similarity of experimental and natural pegmatitic textures (e.g. Figs 5, 6 and 15) to be a consequence of a self-scaling process that may govern the undercooled crystallization of a pegmatitic liquid in a closed space. Based on available data, for a given duration and optimal conditions, it appears that the maximum growth rates and, consequently, the size of the largest, unobstructed crystals, adjust to the size of the surrounding body of liquid, in its shortest dimension (i.e. thickness of flattened capsule or of a planar dike).
Additional studies are required to validate this hypothesis.
In summary, the conditions that optimize the coarsest pegmatite texture (giant crystals on the scale of the experimental capsule) for alkali feldspar, petalite, and virgilite (precursor of quartz) are found in C2 with 6Á5 wt % H 2 O added, at a temperature ranging from 500 to 550 C, corresponding to 160-110 C of undercooling. This moderately undercooled Li-rich system closely resembles the composition and conditions of crystallization for the cores of Li-rich pegmatites (e.g. Etta in the Black Hills of South Dakota) that may solidify at higher temperatures than the faster cooling outer zones (Stewart, 1978; London, 2008; Sirbescu et al., 2008) .
Phase stability and compositional evolution
As postulated by currently accepted petrogenetic models for pegmatites (London, 2008; Simmons & Webber, 2008; Nabelek et al., 2010) , the mineral phases in our experimental study crystallized isothermally and isobarically, under undercooled, disequilibrium conditions in the temperature range between the liquidus and the glass transition (Fig. 3) . On the one hand, the seed-free, synthetic starting materials provided the advantage of fairly consistent nucleation and growth, which, in turn, allowed for the systematic measurements of nucleation density and crystal size, and led to reproducible simulations of pegmatite textures. Because of the departure from equilibrium, the sequence of crystallization did not follow the exact mineral assemblages predicted by the NaAlSi 3 O 8 -SiO 2 -LiAlSiO 4 phase diagram at P H2O ¼ 200 MPa (Fig. 3) (Stewart, 1978) . However, all the phases reported here (Table 3) are consistent with the phase diagram, after adjusting for compositional differences. Orthoclase and muscovite account for the addition of K, but no additional B mineral phase formed. On the other hand, in our simplified synthetic composition, more than 30% melt fraction remained, even after 60 days of being in an undercooled state. Although the formation of stable phases in this model synthetic system advanced at a steady rate, the system did not completely crystallize, either because the system was above the solidus even at 400 C, and/or it needed more time, and/or it was not sufficiently supersaturated (or undercooled) to overcome the nucleation kinetic barriers. Monoclinic spodumene, the only natural polymorph of LiAlSi 2 O 6 , may require small amounts of Fe or other components to nucleate from a melt (Munoz, 1969; London, 1984) . Na and/or Li tourmaline species such as elbaite or rossmanite that are commonly found in LCT pegmatites are notoriously difficult to produce in seedless experiments (London, 2011; Kutzschbach et al., 2016) . In addition, tourmaline requires peraluminous conditions and our system may have not reached the high Al activity needed to stabilize these species.
Neither reedmergnerite (NaBSi 3 O 8 , boron albite), an extremely rare mineral in pegmatites, nor other boron minerals nucleated directly from C1 or C2 melts, despite the high initial B concentration. Boron contents in the alkali feldspars were variable, but generally low. Muscovite is known to be a potential sink for boron (as a limited boromuscovite-muscovite solid solution), but the crystals in our study were too small for a reliable analysis of their boron content and their Raman spectra indicated common muscovite. Occasionally, B reached saturation within < 10 mm aqueous bubbles to form sassolite (H 3 BO 3 ), identified via its Raman spectrum. However, all these sinks of B in our experiments are small and B remained a strongly incompatible component during the partial crystallization of both C1 and C2 experiments. Boron did not increase significantly in the residual melt (Table 4) . Instead, because its diffusion rate was lower than the crystal growth rate, B 'piled-up' within the boundary layers developed in the crystallization front and reached as much as six times its original concentration (Table 4) , as previously observed in boron-bearing crystallization experiments (London, 2014 , and references therein).
Regardless of the final crystallization outcomes, the anisotropic experimental textures generated in this study can be considered as snapshots at the onset of crystallization of outer zones (C1) and inner zones (C2) of a zoned LCT pegmatite. Using a more complex starting composition, under variable temperature or temperature gradient, would have permitted additional mineral phases to nucleate and grow, which may have led to more advanced or complete crystallization.
Future experimental work is required to determine whether the disequilibrium enrichments produced in the boundary layers, coupled with further cooling to maintain high effective undercooling below the modified liquidus, and possibly additional nucleation time, would lead to a different, exotic mineral assemblage similar to the inner zones of many fractionated pegmatites. In nature, because of rapid cooling coupled with large latent heats of crystallization, nucleation in pegmatite melts may not necessarily reach a steady state, but may instead occur in brief pulses followed by episodes dominated by crystal growth.
Viscosity estimates and implications
Taking the viscosity for the C1 pegmatite melt, containing 1 wt % Li 2 O, 2Á3 wt % B 2 O 3 , and 6Á5 wt % H 2 O, a composition typical of many spodumene-or petalitebearing pegmatites (Stewart, 1978) , and extrapolating to a near-liquidus temperature of 700 C, would result in a viscosity of only $10 1Á5 Pa s, lower than that of a basaltic liquid at 1200 C and consistent with viscosities of F-B-Li-H 2 O pegmatitic melts at 700 C (Bartels et al., 2011) . This fluidity would explain the high mobility and emplacement of hydrous, Li-B-rich pegmatite liquids within fractured or foliated crustal rocks, at large distances from the parental granite. After emplacement within colder rocks, at say 500 C, the viscosity of hydrous C1 would increase to 10 4Á3 Pa s, which is still about three orders of magnitude lower than the viscosity of peraluminous granitic liquids with the same amount of dissolved water (Whittington et al., 2009a) .
Chemical diffusivities during crystallization are expected to increase in the fluxed liquids, in particular in the boundary layers adjacent to the crystallization front, which will further sustain rapid growth rates. However, if one takes into account the pre-solidification time frame of only weeks to months of thin dikes (Webber et al., 1999; Sirbescu et al., 2008; London et al., 2012) , these reduced viscosities may not be low enough to allow development of convective cells. However, the final boundary layers highly enriched in incompatible components may coalesce in the cores of certain pegmatites (London, 2014) and may lead to immiscibility upon further cooling, as postulated by research on fluid and melt inclusions in pegmatites (Thomas et al., 2000 (Thomas et al., , 2005 and as indicated by experiments on highly fractionated, water-saturated compositions (Veksler et al., 2002) .
SUMMARY
The main scope of this time-dependent crystallization program was to systematically evaluate the effects of Li, B, dissolved water, and undercooling on the development of igneous textures in a Ca-free, Li-B, hydrous haplogranite melt at a pressure of 300 MPa. Starting materials were pretreated at 1200 C to ensure the absence of nucleation sites, followed by structural re-accommodation of the melt at 750 C. By using this pretreatment we simulated an initially superheated, seed-free and restite-free, water-undersaturated granitic liquid, consistent with current petrogenetic models. Eighty-six isothermal experiments were carried out to cover the run duration-temperature-H 2 O concentration space for compositions C1 and C2. The starting compositions C1 and C2 are simplified representative bulk compositions of Li-rich pegmatites and their highly differentiated cores, respectively. As such, they represent two major stages in the evolution of zoned, sequentially crystallized, Li-rich pegmatites.
The experiments were grouped in 25 time series of constant temperature and water content for C1 and C2, but of variable durations ranging from 1 to 60 days. Temperature ranged from 400 to 700 C and starting H 2 O concentrations varied from 3 to 9 wt %, ensuring water undersaturation at the onset in most experimental runs. The variable run durations allowed 'snapshots' during the textural development within each time series, and demonstrated a fairly consistent nucleation sequence and reproducible growth rates of various phases. Overall, the kinetics of crystallization was consistent; that is, species with the smallest nucleation density had the largest nucleation delay and the largest growth rates.
The interplay of undercooling and initial H 2 O concentration was shown to generate igneous features characteristic of pegmatites, including: chilled margins; unidirectional, radiating, or skeletal textures; zoning; massive, anastomosed, and replacement textures; and miarolitic textures. At a very low DT of 10 C, nonpegmatitic textures with very low growth rates resemble porphyritic granite or rhyolite. In particular, extremely coarse graphic quartz-feldspar intergrowths, the salient feature of granitic pegmatites, formed at DT values ranging from 60 to 170 C for average to low amounts of water, in C1 and C2 compositions, respectively. We consider the typical graphic texture to be controlled by the morphology of the rapidly growing feldspar, with co-crystallizing quartz playing a secondary role. Other forms of granular, irregular, or 'snowflake' intergrowths, also commonly found in pegmatites, result most probably from initial crystallization of quartz or its beta-structure precursors.
The consistency of the textural simulations presented here is due to the completely seed-free system that led to consistent nucleation delays and heterogeneous nucleation of minerals in a sequence. Therefore, these results could serve as a calibration of pegmatite textures, so that conditions of formation may be inferred from textural analysis. With appropriate compositional correction, the textural calibration may be further applied to analogous crystallizing systems such as alkaline or gabbroic pegmatites.
The steady-state volumetric growth rate of feldsparquartz intergrowths and Li-Al silicates is probably sustained by a far-field diffusion process, and remains unimpeded by the buildup of slowly diffusing incompatible elements such as B, up to a high fraction of crystallization. The constant growth rates along with the proportionality of textural features and grain size to the available body of melt are discoveries that must be taken into account when attempting to solve the paradox of very large crystals in pegmatites.
